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SUMMARY

Measurementsof sinusoidsJQoscillatingdownwashandliftproduced
on a simplerigidairfoilhavebeenmade. Comparisonwiththeoryindi-
catesagreementinorderofmagnitudeandtrendjalthoughthescatterof
resultsprecludestheirusefordirectverificationofSesrs’gustfunc-
tion. Necessaryimprovementsinexperimentaltechniquessrediscussed.

Measurementsof statisticallystationaryrandomdownwashsmdcorre-
spondinglifton a simplerigidairfoilhave,beenmadeandvaluesofthe
transferfunctionbetweentheirpowerspectradetermined.An approximate
analysishasbeencarriedoutandtheresultsarecomparedwiththepresent

* experimentalresultsaswellaswiththoseof anotherinvestigation.Rea-
sonableagreementis shownathighreducedfrequencies.A nmreextensive
measurementprogramisrecommended.

.

INTRODUCTION

Untilrecent~jtheemphasisin investigationsof aircraftgustloads
hasbeenon theresponsetoa singlegust. Flighttestprogramsjbeginning
withDoolittle’sworkin1924(ref.1)}havebeencarriedoutinorderto
determinea reasonable“maximum”gustveloci~forairworthinessrequire-
ments(refs.2 and3). Theoreticalconsiderations,followingthefunda-
mentalpapersofRhodeandLmdqyist(ref.4)andof IHlssner(ref.5),
havedealtprinw,ri3ywithmethodsforcomputingthetransientresponse
ofanaircraftto sucha singlegust.

Inreality2however,atmosphericturbulencedoesnotgenerallycon-
sistof singlegustsbutisa continuousrandomprocess.An airplane

A flyingthroughdisturbedairexperiencesa loadhistorywhichisa ran-
domlyoscillatingfunctionoftime. It isthereforeapparentthatan

- analysisof gustloadsbasedon theconceptof a randomprocessinstead
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ofthatofa singlegustwouldbemuchc~osertothephysicalnatureof
theproblemandcouldalsobe expectedtoyieldmorerealisticandsig- ?!
nificantresults.Unfortunately,thene,ces@rymathematicaltechniques
hadbeenlackinguntflWiener’sgenera~zedharmonicanalysis(e.g.,
ref.6) wasappliedtopracticalprobledsinengineeringandresearch
(ref.7). —

Bytreatingtheatmosphericturbulenceas a statisticallystationary
processandbymakinguseoftherespenqeGT anaircrafttoa pixrelysinus-
oidaldisturbance,thegeneralizedharmonic”amalysisprotidesrelations
betweenthepowerspectraldensitiesof the’-fluctuationsof thevertical
velocitycomponentandof theliftexperiencedby theairplane.In gen-
eral,ifthesepowerspectraaredenot~by @ and @L,respectively,
andthesinusoidaltransferfunctionof,theaircraftjby r(~),andif
theeffectsof spanwisevariationoftheinstantaneousdownwashare
neglected,oneobtains

A similarresultwasutilizedby Clementson
deducinglowerspectraofatmosphericturb’Qence
ofpitchresponseofaircraftinflight;_~ the
computedtheresponseof anairfoiltoturbulent
(refs.9and 10). Sincethesereports,seTEralpaper6havebeenpublished
aboutthegust-loadproblem(refs. U to 17) aswell.asaboutthe“inverse”
problemofatmosphericturbulencemeastiements(refs.18 snd19).

inlg~.(ref.8) for
fromthemeasurements
sametimejLiepmann
velocityfluctuations

Thepresentresearchprogramatthel@ssachusettsInstituteof
Technologywasmotivatedby thelackof,experimentalproofofthevalid-
ityofthenewmethod.Exceptforconctirentwork(ref.13), therewere
no investigationswhichcouldprovidespcha proof.Infact,eventhe
two-dimensionalsinusoidalresponsefunction,whichwascomputedby Sears
in1941(ref.20),hadneverbeensatisfactorilyverifiedexperiuntally.
Itwasthereforedecidedtoundertakethefollowingtwo-phaseprogram:

(1)To createa sinusoidalcross-velocityfluctuationina low-speed
windtunnelandtomeasureitscharacteristics,aswellasthecharacter-
isticsoftheliftfluctuationonana\rfo~lof sihplegeometricconfigu-
rationexposedtothevelocityfluctuations.Fromthemeasurementsone
canthenobtainexperimentalvaluesof~thetransferfunctionwhichare
directlycomparablewithSears’gustfQnction.

(2)Tb createa randombutstatistica13.ystationaryvelocitydis-
turbancefieldina low-speedwindtun@ andtomeasurethepowerspectra
of’fluctuationsofvelocityandoflifton a rigidairfoil.Fromthe
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.
measurementsonecan
gainof thetransfer

9 csmbemade.

againobtainexperimentalvaluesoftheamplitude
function,anda comparisonwiththeoreticalresults

Duringthecourseof theinvestigation,severalproblemswhichwere
secondaryto themainobjectiveturnedouttobe of importance.oneof
theseistheeffectof spanwisevariationoftheturbulentvelocityfluc-
tuation,whichmadifiesthesinusoidaltransferfunctionmuchnmrethan
wasoriginallyexpected.Anotherproblemtowhichconsiderableeffort
hadtobe devotedisthatof themeasurementof statisticalquantities
withsufficientaccuracy.

Thisresearchwasconductedunderthesponsorshipandwiththe
financialassistanceof theNationalAdvisoryCommitteeforAeronautics.
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totalliftinfluencefunction,in.-2

hot-wirecurrent,ma

hot-wirecalibrationconstant,ma

Besselfunctionsoffirstkind

nmdifiedBesselfunctionsof secondkind

reducedfrequency

streamwisewavenumber,radians/in.

spanwisewavenumber,radians/in.

lift,lb

streamwisedistance,in.
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dynamicpressure,psi

hot-wire

hot-wire

hot-wire

coldresistance,ohms

working resistance,ohms

outputtappingratio

Sears’gustiYmction
—
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thermcoupleoutput>MV

integrationthe, sec

thermocoupletimeconstant,sec
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time,sec

streamvelocity,mphandin./see

streamwi.sevelocityfluctuation,in./see

crosswisevelocityfluctuation,in./see

streamwisecoordinate,in.

spanwisecoordinate,in.

angleof attack,radism

d5mnsionlessvariablein g

transferfunctioninonevariable

transferfunctionintwowavenumbers

dimensionlessthermocoupletimeconstant

spanwisedistancevariable

turbulencescale,in.

hot-wireoutputvoltage,mv

stresnwisedistancevariable,in.

dimensionless@tegrationtime

root-mean-sqwreerror

timevariable,sec

liftpowerspectrun

powerspectral.densi~of tiput

powerspectraldensityof v inonevariable,
(in./sec)2(radians/in.)-1

powerspectraldensityof v intwowavenumbers,
(in./sec)2(radians/in.)‘2

liftcorrelationfunction

normalizedcorrelationfunctionof s(t)
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correlationfunctionof v in

correlationfunctionof v in

hot-wireangle,radians

reducedcirculationamplitude,

circularfrequency,radians/see
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,.
onevariable,(in./sec)2

twovariables,(ti./sec)2
.

—

in./see

GENERALEXPEKMENMLEC$31PMENT

WindTunnel

AIlmeasurementswereperformedinthe_’j-by 7~-footlow-speedwind

tunneloftheM.I.T.AeroelasticandStructuresResearchLaboratory.This
tunnelhasa maximumspeedofapproximat&ly100mph. However,in orderto
avoidexcessiveoverheatingofthetunnelduringlongrunsmostof the
presentmeasurementsweremadeata speedof 50mph.

Sincethiswindtunnelwasoriginallybuiltforflutterinvestiga-
tions,no specialcarewastekeninitsdesignto obtaina lowturbulence
level.As showninfigure1,boththecontractionratioandthedistance
fromtheturningvanestothetestsectionarerelativelysmall.A tur-
bulenceleveloftheorderofone-quarte$o?Flpercentrootmeansquare
ofthefree-streamvelocitywasmeasuredata speedof X ~h tithan
uncompensated0.00015-tichtungstenhot-wire,whichhasa frequency-
responsecutoffaround200cps.

Thetunnelvelocitywasgenerallym,easuredbymeansofa pitot-static
probeand~ inclined-tubealcoholmanometer-.Inhot-wirecalibrations,
verylowvelocities(oftheorderof 3 fps) wereneededandthevortex-
frequencytechniquedescri~dinreference21was successfullyused. In
theoverlappingregionoftherangesof,thetwovelocitymeasuringdevices
an agreementwithinabout2 percentwas,generallyobtained.

Hot-wiresurveysoftheflowindicatedsatisfactorilyuniformcondi-
tionsintheregionwheremeasurementa~aratuswaslocated.

MeasurementofVelocityFluctuations

Aswi13be describedinthesucceedingsections,additionalvelocity
fluctuationswereintroducedintothemqanflowbymechanicaldevices.
Thecodponentofthesefluctuationsnormaltothetestairfoilwasmeas-
uredbymeansofa directionallysensitivehot-wireprobe.Thisprobe

.. .:

-.

f .

—
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consistedof two approximatelyO.0~-inch-longand0.0~15-inch-diameter
tungstenwiresintheformofanx. Theprobewasmountedon a vertical
standandcouldbe bo-thmovedverticallysndturnedinthehorizontal
planeby remotecontrol.Thehorizonts2positionof thestandcouldbe
adjustedbetweenruns.A specialrigid-basestructureattacheddirectly
ta thebuildingwallswasbroughtinthroughholesinthetunnelfloor
ad ceilingin ordertominimizevibrationsof theprobe.Figure2 shows
theprobeinposition.

Facilitiesformrmfactuxeandrepairofthehot-wireprobeswere
setup at thelaborato~.Aftersomeinitialdifficulties,no trouble
beyondoccasionalbreakageanddirtcollectionwasexperienced.

ElectricalCircuit

Itisdifficulttoproducetwoexactlyidenticalwiresfora double-
wireprobe.Consequently,inordertoobtainpurelateral-velocity
response,theheatingcurrentsinthetwowiresmustbe individually
adjustable.Therefore,a circuitconsistingoftwoseparateWheatstone
bridgeswasbuilt(fig.3). Currentsweremeasuredby readingthevolt-
agedropacrossa precisionresistoron a Rubiconpotentiometer.Bridge
balancewasobservedon a Westonsensitivegalvanometers.

CalibrationofHot-WireFrobes
.

Theconditionsforoperatinga doubleoblique-wireprobewithpure
cross-velocitysensitivityarederivedinappendixA. First,an individ-

. ual.calibrationofeachwireisneededfordeterminationofthecalibra-
tionconstants,fromwhichthecurrentandvoltagedividersettingscan
be calculated.Suchcalibrationsweremadenorma~ at fourvelocities
andtwovaluesoftheoverheatingratio.Calibrationofthecross-velocity
sensitivitywasobtainedby turningtheprobeina horizontalplanethrough
?mownangles.Independenceof fluctuationsInthestreamwisedirectionwas
finallyascertainedby observingtheproberesponsewhiletunnelspeedwas
variedwithti*1Opercentabouttheoperatingcondition.~ical single-
wireandcross-velocitycalibrationsarepresentedinfiguresk and5}
respectively.

Satisfactorylinearityandrepeatabilityweregenerallyobtainedin
thecalibrations.Occasion-yitwasfound,however,thattitera long
timeof operationthecalibrationchangedslightlybecauseof collection
of dirton thewires.Aftercleaningtheprobe,theoriginalcalibration
wasusuallyobtained,in somecaseswithremrkableaccuracy.Thewires

a werecleanedwithethereverydaybeforerunswerestarted,andit isnot
believedthatseriouserrorscouldhavebeenintroducedintothemeasure-
mentsby thedirtdeposits..
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Sincethefrequencyrangeofinterestinthepresentinvestigation
extendedonlyup toabout150cps,no compensatingcircuitswereused
forthe0.00015-inchtungstenwires.

MeasurementofLiftFluctuations

Sticeitwasdesiredtoobtainmeamtrementsof liftproducedby tur-
bulenceon a simpleairfoilconfiguration,a constant-cross-sectionwing
spanningthe~-foottunnelheightwas~talled on thesamerigid
supportingstructureasthehot-wiresta~d.‘Thewingchordwaschosen
tobe 1 footinordertoprovidea reasoriablyhighReynoldsnumiber
(500,000at X ~htuel speed).Thep~f~Ieis NACAOO1O.

!l?hemainstructureofthewingconsistedof twofull-span1-by
5—-inch steelbeamsandtwo~- by 2~-fichsteelflsmgea,bolted16
together.Profileshapewasobtainedby,attachingbalsablocksto the
steelparts.Inthecenterofthewing,a 4-inch-spansectionwas cut
off,exceptforthetwomainsteelbeamsjandreplacedby a load-sensitive
elementmountedon strain-gagepickups..Figqre6 showsdetailsof the ..
wing. —

Theload-sensitivesectionconsiste~oftwohollowedbalsablocks
joinedtogetherby thincurvedmagnesium~plates.Oneoftheplateswas
supportedby threestrain-gageloadcellsin sucha mannerthatthesee-
tion“floated”aboutthethoroughgoingst$el-structure.Thus,a liftload .
onthesectionwasindicatedasthesumofthesignals-fromthethree
pickups.Theloadcellsweremsxmr?acturkd~-the”mc i2wkumentCo.
Eachoneconsistedofunbendedstrainga~es,arrangedasa four-active- ●

armWheatstonebridge,supportinga steelpinwhichprotrudedthrough
theendofthecylindrical-shapepiclmp.D~nsions ofthepickupwere
smallenoughtopermitcompleteinternel!nx@xhgwithinthel.2-inch-
thickairfoil(seefig.6). Connection*Othemagnesiumplatewasmade
by meansof a brassbushingandsoftsol~ering.Currentto eachload
pickupwassuppliedby a separatedrycell,-&dtheoutputswerecon-
nectedin series.Figure7 showsthecircuitdiagramandfigure8,a
typicalcalibrationofonepickup.Befo~e~achseriesofruns,a cali-
brationofthecompletesystemwasmade,anditsindependenceofthepoint
ofapplicationoftheloadwaschecked.: “- -

Theprincipalconsiderationinthe,des_ignof theliftsensingsys-
temwasto obtaina mechanismrigidenou@toavoidexcessivedisplace-
mentsandresonancepeaksinthe~rt~t frequencyrange(below200cps).
Bothof thesepurposesweresatisfactorily~ccomplished;thedisplacements
wereoftheorderof 0.001inchor less,anda naturalfrequencyof 330cps

S

wasobtained.Thedynamicresponsewas,testedbymeansofan electromag-
neticshaker.Thefloatingwingsectio@andthepickupsweremountedon . ““
an exactduplicateofthelocalwing-sp~&tructure(showninfig.6) and
shakenatconstantaccelerationthroughoutthedesiredfrequencyrange.
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h thefirsttests,a strongresonancepeakwasobtainedataround~ cps.
Itdisappearedcompletely,however,afterstiffeningthestructureofthe.
floatingsectionby ce~ntingstripsof~gnesiumsheettothesidesof
therearbalsablock.

A seriousproblemwaspresentedby thevibrationoftheentirewing
structureduetotheturbulenceactingon it. Thewinghada natural
bendingfrequencyof onlyapprox~tely25 cpsandconsiderablevibration
wasthereforepresentat theloadcelJmountings.fistedoftryingto
stiffenthewingstructureby guywiresor otherwise,itwas “.ecidedto
install.a separatepickupinsidethefloatingsectionsothatitwould
respondtoonlythestructuralvibrations.By suitableadjustmentsof
thefeedingvoltageandofa d- massattachedtothepickup,the
dynamicresponsesof thetwosystemscouldbemadenearlyidentical.
Thus,ifthesi~l of thed- systemwasreversedandconnectedin
serieswiththemainsignal,thestructuralvibrationswouldcancelout
anda signalindicatingthepureaerodynamicforcecouldbe obtained.
Theelectromagneticshskerwasagainusedforverificationofthecancel-
lationperformance.Themeasureddynamicresponsecurves,referredto
theuncompensatedvalueat zerofrequency,srepresentedinfigure9.

It shouldbe notedthat,whilethecancellationisveryeffectiveat
lowfrequencies,considerableerrorsappearat certainfrequenciesand
especiallyaroundtheresonance.Since,however,thereisan appreciable
reductioninthesupportvibrationresponsethroughoutthefrequencyrange
underinvestigation(evenintheworstcaseat 150cpsthecancellationis
about75percent),itwasnotconsiderednecessaryto improvetheperform-. anteby closermatchingof dampingcharacteristicsor othermethods.

As faras supportvibrationsinpitchandrollareconcerned,their.
effectscantheoreticallybe shownto canceloutifthecenterof gratity
ofthefloatingsectionisplacedinthe-et geometriccenterofthe
triangleformedby thethreepickupsandifthedrumqypickup@ locatedat
thatsamepoint.Thefirstconditionwassatisfiedexactlybyuseof sfi
leadweightsinthefrontbalsablock.~ thesecondone,a smallerror
wasnecessarybecauseof spacereqgire~nts.Inanycase,inviewof the -
relativelyhightorsionalrigidityofthewing,thepitchandrollvibra-
tionsarebelievedtobe of secondaryimgmrtance.

Thestaticaerodynamicresponseof theliftsensingsystemwas
obtainedexperimentallyby turningthewingabut a verticalsxisto
lmownvaluesof angleof attack.Theresultinglift-curveslopewas
0.08perde~eewithexcellentlinearitythroughthew rangecovered
inthemeasurement.

AuxiliaryEquipmsnt

A two-channelamplifierwasdesignedandbuiltforusewithboth
hot-wireandliftsignals.Theanplifieroperatesonthepush-pullprin-
cipleandhasa one-sidemaximumgainof 2,@, witha Wise levelof
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approximatelylCQmicrovoltreferredtotheinput.Thenoisewas, how-
ever,foundto consistlargelyof 120-cpdpickupandcouldbeavoidedin .
thespectrwnmeasurements.Frequencyre$ponseoftheamplifierwasflat
from0.5cpsto severalkilocycles.Circuitdiagram,smpl.itudecalibrat-
ion) andfrequencyresponseareshowninffgures10,I.1,and12,
respectively.

By meansofa switchingcircuit,amplifierinputscouldbe selected
fromeitherexternalsourcesorfromthebridgecircuit,suchasthehot-
wiresignals,theirdifferenceandsum,andsoforth.Theamplifierout-
putwasavailableaspush-pullorlow-iu$elancecathodefollowersignals
or couldbe fedintoa heater-thermocoupleat througha &riverstage
(fig.13).

.
Theheater-thermocoupleunitproduc&sa smoothedsquareoftheinput

signal.. Calibrationsforsteadydirectmrrentor sinusoidalsignalsare
givenin figuxe14. Forrandomsignals~he”outputfluctuates,making
visualreadingofthemean-squarevaluedifficult.Tominimizethis
fluctuation,unitswitha timeconstant~f 9 secondswereobtainedfrom
theCambridgeInstrumentCo.inEngland.Nevertheless,itturnedoutto
be necessarytoaveragethethermocoupleoutputnmreaccuratelyby inte-
gratingitovera longperiodoftime(seesectiononturbulencemeasure-
ments)bymeansofa Millertypeintegrator=.’Theintegratorconsistedof .-
a Reevesdirect-currentamplifieranda l-microfamdcondenserconnected
betweeninputandoutput;ithasthecalibrationshowninfigure15. ~.

RXSPONSEOFRIGIDAIRFOILTO SINUSOIDALGUSTS
.

ExperimentalTechniques

Thesinusoidalvelocityfluctuationsweregeneratedby a l-foot-chord,
~-foot-spanwingwhichwasrigidl.ymountedona horizontallyoscillating
steelrodattheupstreamendofthetestsection(seefig.16). Themaxi-
mumamplitudeofthetranslatoroscillationwasapproximately2 inchesand
thepracticalfrequencyrangeextendedtipto10 cps,althoughatthehigher
frequenciestheamplitudehadtobe considerablydecreasedowingto con-
siderationsofwingstrengthandrigidityoftheoscillatormechanism.The
winghadanNACA0012airfoilanda tiggiesium-skinbalsastructure.

.

Thevelocityfluctuationsandliftproducedonthestationarywing
weremeasuredby thehot-wireandstrfi-gageequipmentdescribedinthe
precedingsection.Thefrequencyofthemoving-wingoscillationwas
measuredbymeansofa microswitchanda Hewlett-Packardelectronic
counter. P-

Theroot-mean-squaresinusoidal guptvelocity wasfoundtobe less
thanone-halfof1 percentofthefree-strefivelocity.Althoughboth t
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thevelocityandliftsignalswerewellwithintheusefulrangeoftheir
respectivesensingunits,theycouldnotke satisfactorilydistinguished

. fromtheeffectsoftherelativelyhighfree-streamturbulencelevelof
thewindtunnel.Itwasthereforedecidedto filterthesignalselec-
tricallyby meansof a GeneralRadio762-Bvibrationanalyzer.This
instrumenthasa narrow-band-passcharacteristic,witha valueof the
Q-psruterof about80.

Useofthenarrow-bandfiltergreatlyreducedtheeffectsofback-
groundturbulence.However,a newdifficultyappearedbecauseof a drift
intheoscillatorfrequencyoftheorderofti.5percentof itsmeanvalue.
Withthenarrow-band-passfilter,thisdriftcausedfluctuationsinthe
measuredsignalofabout*3Opercent.Itwasestimatedthatinorderto
decreasethisfigureto a satisfactorylevela frequencydriftof only
*0.1percentwouldbe permissible.Theobviousremedieswouldbe either
toobtaina betterfrequencycontrolfortheoscilJ&torortousea fil-
terwitha widerflattopcharacteristiccurve.Eothofthesemeasures
would,however,haverequireddesignandconstructionofprecisionmachin-
eryoraccurateelectroniccircuitsandinvolvedconsiderableeffortand
expensebeyondtheresourcesofthepresentprogram.

Itwasoriginallyplannedto obtainmeasurementsofthephaseangle
aswellas of theamplitudegatiof theSears’function.Unfortunately,
thephaseshiftinthebsmd-passfilterunitturnedouttodependstrongly
on thesignalamplitudeandaccuracyoftuning,thusmakingthephase
measurementimpractical.Aftertheexperiencesdescribedabove,itwas
concludedthattheonlywayto obtainsatisfactorymeasurementsof the

x Sear’sfunctionwouldbe toperformtheexperimentsina tumnelwitha
lowbackground-turbulencelevelandwithanoscillatormechanismwhich
wouldbe capableofproducinglargedowmwashamplitudes.It isbelieved.
thatsignificantimprovementscanbemadeinbothoftheseitemsin the
presentwindtunnel,butonlyafterconsiderableeffortandexpense.

A questionwasraisedregardingthepossibilitythatevenwith
absolutelysteadyoscilbtorfrequencythesinusoidaldownwashpattern
downstreammayhavea tendencyto “contract!’and*rexpand”inresponse
to low-frequencydisturbancesinthestreamwisevelocity,thusproducing
hot-wireandliftsignalswhichwouldexhibita frequencydrift.The
presentinstrumentationcouldnotprovideconclusiveresultsaboutthis
suspectedphenomenon;itis,however,believedtobeworthyof further
investigation.

h spiteof thesedifficulties,itwasdecidedtomakesuchmeas-
urementsaswerepossibleinorderto gainexperienceforfurtherwork.
Themeasurementsfordownwashandliftamplitudesweremadein separate

* runswiththehot-wirennuntandtherigidwinginapproximatelythe
sameposition.Actualdy,becauBeof structuralreasons,thehot-wire
waslocatedabout1/2chordupstreamofthetingleadingedge;however~

. sincephasemeasurementswerenotattempted,theresultingerroris
negligible.



u NACA

Measurementof Sinusoh3alVeloci@Fluctuations

Afterfiltering,thehot-wiresignalwasamplifiedandits
scuarewasdeterminedbymeansoftheheater-thermocoupleunit.

m 3878
.

●

mean
Since

c&siderablefluctuatio~wasobservedinthethermocou~leoutput,inte-
grationoverseveralminuteswasnecessary.Thesystemdiagrsmispre-
sentedinfigure17.

By shuttingofftheoscillatorsystem,itwaspossibletodeter-
minethemean-squarevalueoftheconibiqationofremainingbackground
turbulenceandamplifiernoise.Subtractionofthisvaluefromthemean
squareofthetotalsignalshouldthenproiidethemesmsquareof’the
puresinusoid.Tldscorrectioncemnot,“however,accountforanyeffects
ofthefrequencydrift.Figure18 show~samplerecordingsofthehot-
wiresig.altakenbymeansof a Brusho$ci~ograph.

Forcalibrationpurposes,a knownsinusoidalsignalwasinjected
intothefilterinput.Frequencyofthecalibrationsignalwasdeter-
minedby comparingitagainsttheoscillating-wingfrequencyon a
Hewlett-Packardcounter.Considerablescatteris shownintheresults
(fig.19).

Measurementof SinusoidalLi$tFluctuations —

A somewhatdifferenttechniquewasusedforanalysisofthelift
signals.Forreasonswhicharenotcompletelyunderstood,a consider-
ablylowernoiselevelwasobservedin,theliftsignalthaninthehot- r
wireoutput.Inpartthisisbelievedtobe causedby sane high-
frequencynoiseleakingthroughthefiltei,aswasobservedtohappen
to someextentinthehot-wiremeasurements.

.
Becauseoftheaerodynamic

responsecharacteristicsofthewing,niuchlesssuchnoiseispresentin
thestrain-gagesignal.

Theamplitude.oftheliftsignalcouldnowbe obtainedassm average
of severalvisualreadingsonan oscilloscopeat shortintervals(fig.20).
Thecalibrationsignal,itsfrequencydeterminedas inthecaseof the
hot-wiremeasurements,

Theresults(fig.
measurements.

wasalso observ~ontheoscilloscope.

21)showsomewhatlessscatterthanthedownwash

TheoreticalConsiderations

AccordingtoAshley(ref.22),thedownwashintheplaneofthewake “
behinda two-dimensionalwingin sinusoidaloscillationcambe expressed
asfollows,protidedthatthepointofobservationissufficientlyfar
fromthewing(distanceZ frommidchord~: .
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where .i and Ci arethesineandcosineintegrals,respective~,and
thereducedcirculationam@itudeis

ii=

andwhere ?o(~’)isthe

‘Jl%J’”d”
[ 1

b)(k)+~2)(k)sfikHI

localamplitudeofthewingoscillationvelocity

/
as a functionofchordwisepsition ~~= x ~.

translatormotionwithamplitudefi,

.

.

E=

~ substitution,thecon@ex

?o(E#’)= -X

M-@)
Hp)

(k)+iH$2)(k)

downwashamplittie

Inthepresentcaseof

becomes

(-) (i22 ~
exp(-ik) —-

7(Z)=-;U h
mHp(k)+iJ2) (k) 1- JZ +

o
-&+l



14 NACAm 3878

A plotoftheabsoluteamplitudeoftheQownwashangle
(-)/()

2ii
6T isgiven

infigure19forthepresentcaseof 22/c~ 13. Sincethemeasuredlift- “
curveslopeof thetingiso~ h.fiperradianinsteadofthetheoretical
2Xperradian,a correspondingcorrectionk—sbeenmadetotheplotted
curve.

Thesinusoidalliftproducedby thisdownwashonanothertwo-
dimensionalwingofthesamechordhasanamplitude(assumingthatthe
downwashoverthewingisconstantand&yxaltothecalculatedvalueat
midchord)of

where S(k) istheSears’gustfunctiod.

Theabsolutedimensionlessamplitude1*1=l&\is,lot.e~

.

infigure21. Sincethemeasuredsteadj-st~teli&-curveslopeof the
lift-sensingwingis d~/da= 4.58per’ragian,thisvaluewasagain
substitutedforthetheoretical2fiperradian.

Discussim

Becauseofthescatterofthemeaslmements,itwas
comparetheresultsdirectlywiththeresultsofSears’
Themeasur&llift,however,agreesreason&l.ywellwith
prediction. ,.

Theeqyipmentdevelopedformeasuringdownwashand

!-

notpossibleto
gustfunction. ● .
thetheoretical

~ft W’aSfound
tobe satisfactory.However,a muchldweflratioofbackgroundturbulence
to sinusoidaldownwashinthewindtuel anda betterfrequencycontrol
of theoscillatorarerequiredforsuccessfulcompletionofconclusive
measurements.

RESPONSEOFA RIGIDA~~~m_m RANDOMGUSTS

ExperimentalTechnique

Formeasuringtherandomdownwashan&theassociated
a rigidairfoil,theequipmentdescribedinthepreceting

—

.

liftresponseof “
sectionswasagain

+
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used. Boththehot-wireandthelift-sensingwingwereplacedinthe
. centerofthetestsectionapproximately2 feetapartinordertopermit

simultmeousmeasurementsofliftanddownwash.Thisarrangementelimin-
ates errorsdueto differencesinoperatingconditionsin separateruns.
Itisnotbelievedthatinterferenceeffectslargeenoughto offsetthis
gaincouldhavebeenintroducedintotheturbulencefield.

Thedownwashfluctuationsweregeneratedby a coarsegridinstalled
approximately10feetupstreamofthemeasuringunits(fig.22). The
meshsizeofthegridwas6 inches,whichwasconsideredtobe a maximum
formaintaj~ga reasonablyhomogeneousturbulencefieldinthetest
area. Thegridmemberswere1 inchwidewitha squarecrosssection.

Unfortunately,theturbulencescaleobtainablewiththisgridis,
atnmst,oftheorderof the~sh size,thatis,lessthana half-chord
of thewing. Inatmosphericturbulence,scalesmuchlargerthanthe
chordlengthof anaverageairplanearegenerallyencountered(ref.8).
Naturally,a closermatchingcouldbe obtainedby decreasingthemodel
size;this,however,wouldresultinverylowReyuoldsnunbers,with
associatedadverseaerodynamiceffects,aswellas in instrumentation
difficulties.

A hot-wiresurveyof theturbulencelevelinthetestareashowed
homogeneityoftheroot-mean-squarefluctuationto tunnelvelocityratio
with approximately5 percent.Theaveragevalueof thisratiowas
approximately0.03.A background-turbulencelevelof aboutone-fourth

●
of 1 percentrootmesmsquarewasobservedintheemptytunnel.The
turbulentfluctuationsarethereforeactuallygeneratedby twoseparate
sources,althoughthecontributionofthegridisdominating.Sincethe

. powerspectraldensityof thetotalturbulentdownwashismeasured,the
dualorigindoesnotpresentseriouscomplications.

RecordingandAnalysisofData

Ihorderto avoidexcessivelylongrunningtimeswithassociated
changesintunneloperatingconditions,boththehot-wireandliftsig-
nalswererecordedsimultaneouslyonmagnetictapeby meansof sm
Ampex* two-channelrecorder.Therecordingtimewasgenerallysev-
eralndnutesandwasdeterminedonthebasisof accuracyconsiderations
whichwillbe discussedsubsequently.Thesystemdiagramispresented
infigure23.

Tbepowerspectraweredeterminedbyplayingtherecordedsignal
intothethermocouplesq~ringunitthrougha narrow-band-passfilterset. atdifferentfrequencies.A GeneralRadio732-Bvibrationanalyzerwas
usedasthefilter.Thisinstrumenthasa Wienbridgecircuittitha
band-passparameterQ = 80 anda rangefrom2.5to~ cps.
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Somedifficul~wasexperiencedinthecalibrationofthevibration
analyzer.Ifthefrequency-responsecurveofthefilteratcentralfre-
quency~ is
spectrumofthe

a(u,~-),theou~putsi@ :g2 isrelatedtothepower
input sl asfollows:

.

is

to ~) la(cu,~)l
cansimplify

constantor,incaseQfa S_tric_ (withrespect

curve,linearovertheeffectivefilterrange,one

*

Thus,thefilterresponsefactorF(%) is neededforquantitativeeval-
uationofpowerspectrumby themethodd.$s~ibedabove.A carefulmea~~
urementoftheresponsecurve la(~)%)l~~-ef orselectedfrewenc~es
by actual~determiningtheattenuationpfa steadysinusoidinthefilter ‘
range.Then F(%) wascomputedbywanpalintegrationof la(m,~)12. ●

Unfortunately,itwasfoundlaterthatthecalibrationofthevibration
—

analyzerwasverysensitivetoanychangesinbatteryvoltagesandcom-
ponentcharacteristics.Since,forinstpnce,batteries”andtubeshadto “
be replacedduringthecourseofthemeasurementsanda completerecali-
brationeverytimewouldhavebeenhpraetical,itwasdecidednotto

.-
—

attemptaccurateabsolutemeasuremmtsofpowerspectra.

Themainpurposeoftheexperiments,to obtainvaluesofthetransfer
functionconnectingtheinputandoutputpowerspectra,couldbe accom-
plishedtithoutlmowledgeof F(%). S~cethe hot-wireandstrain-gage
outputswererecordedonmagnetictape,,itwaspossibletorunbothsig-

—

nalsthroughthefiltersuccessively,sothatchangesinthefilter
betweentherunswereveryunlikely.‘I!l@s,eventhoughthemeasured
mean-squarevaluescouldnotbe absolut~~-evaluatedto givethetwo
powerspectraldensities,theunknownproportionalityfactorswereiden-
ticalandcanceledoutin computationo?thetr=fer function.The
e~erimentalresultspresentedinfigure2~weredeterminedinthisman-
ner. Thephysicalfrequencyrangeof t~emeasurementsisfrom3 to e
170cps. An additionaldynamic-responsecorrectioncorrespondingto
figure9 wasappliedtotheliftmeasur~meiiksathighfrequencies.

r -~
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AccuracyofMeasurements

. Theerrorsinthepresentmeasurementscanbe dividedintothefol-
lowingtwocategories:

(l)hleasuxementerrors,arisingfromchangesintheequlpnentresponse, .
inaccuraciesincalibration,readingerrors,andsoforth.It isdifficult
b estimatethetotalprobableerrorof a systemas complicatedas theone
usedhere. Theaccuracyofvoltmetersandotherinstrumentsusedin cali-
bratingindividualpartsofthesystemisgenerallywithin*I to*3 percent.
Repeatabilityofthehot-wirecalibrationsisof thesameorder,andinev-
itablechangesoccurintheelectroniccircuitsbecauseoftubeaging,line
voltagefluctuations,andsoforth.Therefore,a totalerrorof several
percenthastobe consideredprobable.

(2) Statisticalerrors,arisingfromthefactthatthepowerspectral
densitiesaremeasuredas finitetimeaverages.Sincethepowerspectral
densitycanbe consideredaninfinitetimeaverageof thefilteredand
squaredsignal,a measurementovera finitetimehasto sufferin accuracy.
Fortunately,it ispossibletoestimatethiserroronthebasisof results
presentedbyRice(ref.7). Suchananalysisapplicabletothepresent
measurementsispresentedinappendixB.

Thecalculatedroot-mesa-squareerrorcurvesinfigure25wereused
in choosingaveragingtimesateachselectedfrequency.h general,a
root-mean-squareerrorof 3 percentwasplannedforinthepower-spectrum
measurements.Theexperimentalvalueofthetrsnsferfunction,computed

. as theratioof twosuchspectrummeasurements,couldthenbe expected
tohavea statisticalroot-mean-squareerrorof theorderof 5 percent.
Onehasto realize,however,thatthesenumbersreferto theroot-mean-

. squareerrorof an infiniteensembleofmeasurementsperformedunder
identicalconditions.Allthatcanbe saidregardingan individualmess- .,_
urementisto stateitsprobabilityof beingwithinspecifiedlimitsof
error.Forinstance,iftheprobabilitydensitydistributionofthe
transferfunctionisassumedtobe Gaussian(approximateanalysisindi-
catesthatthismaynotbe anunreasonableassumption),a 5-percentroot-
mean-squareerrorimpliesthata singlemeasurementwouldhavean approx-

.-

imatelygo-percentprobabilityofbeingwithin*IOpercentofthecorrect
value.

A seriesof individual~surementsatdifferentfrequencieswould
showscatteroftheorderof theroot-mean-squareerror.h thepresent
case,it isnotpossibleto saydefinitelywhetherthefewpointsat low
frequenciesreflectanundulylargescatteror ananomalousbehaviorof
thetransferfunctionas comparedwiththetheoreticalesttite. At
higherfrequencies,wherethecomputedaveragingtimeswerealsogen--. erallyexceededforpracticalreasons,thescatter isofacceptable
mgnitude.
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Thebestwayto
wouldbe to obtaina
selectedfrequency.
tiallyequivalentto
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increasetherel.iabili~of thepresentresults
largenuniberofpower-spectrummeasurementsat each ●

Theaverageof such,measurementswouldbe essen-
a resultobtainedbyusinga longer,otherwise

impractical,averagingtime. Thestatisticalaccuracywouldbe corre-
spondinglyimprovedandsomemeasurementerrorsofrandomnaturewould
alsobe minimized.

TheoreticalConsiderations

Themeasuredcharacteristicsoftheturbulentdownwashfluctuations
andthecorrespondingliftonan airfoilarethepowerspectralden-
sities@m and ~ intermsofthereducedfrequencyk = u/2U or
thestremwisewavenumiberkl =
obtainedfromthesetwospectral

lo!rk~ 2.

If.thevelocitydisturbance

u/u. !l!hetransferfunctionI’ isthen
densities.asf’o13.ows:

fieldWerevariable
tiononly,sothat~heinstantaneousan~e of attack

—

inthestreamdirec-
wereconstantalong-.

thespan,thetrsnsferfunctionr(kl)wouldbe identicalwiththetrans- .
ferfunctionforawingpassingthrough,asinusoidalgustfield.Fora
wtngof constant-crosssectionandinfinitespanthisistheSearsrgust
function(ref.20): .

Joke + iJl(k)~(N)
S(k)=

Kl(ik)+~(ik)

Unfortunately,inrealityrandomvelocitydisturbancesintheatmos-
phereaswellas ina windtunnelpossessstatisticalcharacteristics
whichare(inmostcases)verymuchthessmeinanydirectiontheturbu-
lencefieldmaybe traversed.C!onse~e&ly,intryingtoobtaina real-
isticestimateofthetransferfunction,onehastoaccountforthespan-
wisevariationoftheinsjxantaneousan&@eofattack.ThisbringsIna
newvariable,thespanwisewavenmber k2. An approximatetwo-wave-
numberanalysiswillnowbe carriedoutforthegeometricalconfiguration
usedinthepresentexperiments.Theanalysisfollowsessentiallythe
lineofthoughtpresentedbyLiepmann(ref.15). It shouldbeemphasized “
thatthegeneralprocedureisby nomeqnsrestrictedtothesimplewing
geometryandturbulencespectraconsideredherein. *
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Usingthecoordinatesystemsdefinedinfigure26and
validityof ~ylor’shypothesisforthemotionof thewing

. turbulencefield v(x,y),onec= writethelift dL ona
stripofwidth dy at y as

where
at y
tothe

XAT’(w-+(x-‘Sq)”‘qdcLqc
dL(x,y) =

-m

assumingthe
throughthe
chordwise

(1h~,q-y
0

istheinfluencefunctionforliftperunitspan
producedby a unitdownwashimpulseatposition(3,T)withrespect
-~ Thetotalliftasa functif

thex-directionisthen
n ofthepositionofthewingin

l-l-Y
/

At thispoint
function

it is convenientto introducean integratedinfluence

whichrepresentstheliftonthewholelift-sensitivesectionof span b
duetoa unitimpilsedownwashat (~,q)(seefig.26).Aftersubstitution
oneobtains

m
dCLqcbL(x)=——

J
%(~,7)v(’- ~,q)dgd?

tiu -

!Ibbringinthepowerspectraldensity,oneformsthecorrelation
of L(x),whichistakenas anensenibleaverageover L(x)L(x+Ax):
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If
average

theturbulencefieldishomogeneous_inthexy-plane,theensemble
overthevelocityproductisindependentof x andcanbe replaced -

by thetwo-dimensionalautocorrelation@w[M+(g’ -g’)’(q’-l*l* ‘tii-
lar~, theliftcorrelationcanbe expressedindependent~of x) gi~ng .—

NOW> i$m
powerspectrum

canbewritteninte?nns.ofitsFouriertransform~the

‘w(’l’’a)’as

By substitutionandinterchangingtheorderof integration

Ifonenowdefinesa two-wave-number

J

t?msferfunction

theliftcorrelationcanbewritten ,

-(m) = (%%yrJk’m~’w@’’’’)lF~~
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Ft’omtheuniqueness
liftpowerspectrum

21

of theFouriertransformitfollowsthenthatthe
mustbe

Hence,insteadofSears’function,oneobtainsa
~ction ?(kl,~) andconsequentlyalsohasto

()
numberturbulencespectrumSW kl,k2.

two-wave-numbertransfer
dealwitha two-wave-

Iktryingtoobtainan analyticalexpressiontheresultofwhich
couldbe comparedwiththeexperimentalresult,it is seenfromtheabove
thatonly Qm(kl) ismeasureddirectly.Themeasuredturbulence.spec-

()trum @m kl isrelatedto & (~ kl~~) throughintegrationas follows:

Furthermore,thereareno accurateaerodynamictheoriesfora calcu-.
lationof?~kl,k2).Consequently,oneisforcedtomakethefollowing
simplifyingassumptionsinorderto establisha comparisontiththe

. experimentalresults:

(1)Itisassumedthattheliftinfluence
_ic striptheory;tht is,theliftat any
thewingdependsonlyon -turbulenceat q . y.

h(&lq -YI) =~(~)~(q -

hb=$~(~)

hb=()

functionfollowstheaero-
spanwisepositiony on
Thisleadsto

Y)

(1~1~$)

(M>;)

Thestrip-theoryassumptionis certainlynotcorrect,becauseitelimi-
natesalleffectsdueto thesemi-infinitewingextensions.Theresulting
approximateformulasarethereforeidenticalwiththosederivedwiththe
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sameassumptionsfora finite-spanrectsxqgd.arwing. Toohighliftvalues
canbeexpected,especiallyata lowasp~ct‘ratio.Howe@fi,”itisproba-
blethatinrealitythe“tails”oftheirifluencefunction(fig.26)die .
outratherrapidly,sothattheerrorwilldecreasewithincreasingspan.
Inanycase,itis.beli.evedthatnofund&nentalpropertiesoftheresult
wouldbe lostbecauseofapplicationof Qtriptheory.

(2)It isfurtherassumedthattheliftresponseofeachstripis
characterizedby theSears’function.Thus,~(g) wilJbetheFourier
transfomof Sears’function,andonecm write

J“”ho(E)e ()Wdg = s ~ = S(k)
-m

By substitution,thetwo-wave-numbertransferfunctionthenbecomes

.

.
The liftpowerspectmmcsanowbewritten

(3) In order to bring in themeasuredone-wave-numberturbulence
spectrumOm(kl),thefollowingspan-qo~.ectionfactorisdefined:
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Thelift powerspectrumbecomesthen

%(’1)=(%%)21’(%)124%)%(%”
h thisexpressioneverythingelseisknownormeasuredexcept

g(b>’~)”Actually,nothinghasbeengainedsofar,becausecalculation
of g(b,kl)reqtiresinformationregardingthetwo-dimensionalturbu-
lencespectrumti(k1jk2). However,g(b,k)containsonlyintegralsof
thespectrumandconsequentlymaynotdependtoomuchontheexactexpres-
sionfor &(klj~). Thepossibilityofusinga simplifiedexpression

[
forcomputationof g b,kl) becomesapparent;eventhen,however,some
connectionmustbe retainedtotheactualmeasuredspectrumthroughone
ornmrefreeparameters.

Experimentalresults(forinstance,refs.23 and24)indicatethat
gridturbulencecanbe reasonablydescribedby a simplespectrumwhich,
assuminghomogeneityandisotropy,leadstothefollowingformof the
two-wave-numberpowerspectrumforthefluctuationcomponentnormalto
themainstream(seealsoref.15):

TheintegralscaleA, formallytheintegraloverthecorrespondingnor-
malizedcorrelationfunctionforstreamwisefluctuations,representsa
characteristiclengthoftheturbulenceandisthefreeparametertobe
determinedby comparisonwiththemeasuredspectrum.h tldsmatching,
usecanbe madeof theintegral

pw)o(’l)= ~(3w)$l>’-2)%

— ( )A & 1 + 3A2k12
=—
~ (1+ A?k~2)2

()whichcanbe compar~directlywiththemeasured@m kl .
8
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Substitutionof
()
& o

()
intothee~ressionfor g b,kl yields

finally

where ~ and K1 aremodifiedBesselfunctionsofthesecondkindand

.

.

—

isbestgivenintermsof theA graphical.presentationof g(bjk~,A),

dimensionlessparametersA/b and $s = ~. Suchaplot ispresented
infigure27,whilefigure24givesthecompletetransferfunction

)S(k)2g(bj~,A forthepresentexperi~nt@configurationat A/b= 1 ‘
and1/2. It shouldbenotedthateveni? A/b+@, Sears’functionis “’- “=
obtainedasa limitingcaseforallvaluesaf k onlywhen b/ceO,
thatis,foraninfinitelynarrowstrip.: .

Itcan also be shownthat,forsmallvaluesof b, g(b,k~,A)can .“’
be expressedinpowerseriesas

g =1- Constantx.b2+ . . . (b<< A)

Thus,thepowerspectraldensityandit~integral,themean-squarelift,
areproportionaltothesquareof thewingareaforsmallvaluesof span.
Thisresultisti.accordancewiththegeneralbehavioroflinearsystems
respondingtoturbulentexcitation.Forhighvaluesof b/A,however,
oneobtainsthefollowingasymptoticexpression”:

.

[

‘(byk@)=l+;A2k121-’A2’12‘+ %A2k<

(*)2(’+ A2’12) (:)-] ‘i+”)
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Thismesmsthatforlarge-spanwingsatlowwavenumbers,thespancorrec-
tionbehavesproportionallyto l/b2,whereasathighwavenumbersit

. becomesapproximatelyl/b. IYonethenconsiderstheliftpowerspec-
trum,whichincludesa factorb2 inthesquareof thewingarea(the
Sears’functionalsoincludedis independentof b),themean-square
totalliftcanbe integratedintheform

where Fl, F2 # O.

b summary,ifthewingspanis increasedfrom
allotherconditionsunchanged,atverysmallspans
firstincreasesproportionallyto thesquareof the

(b+~)

zero while keeping
themean-squarelift
wingarea.Forlarge

valuesof thespan,thelow-frequencypmt oftheliftspectmmapproaches
asymptoticallya constantnonzerovalue,whilethehigh-frequencypart
becomesasymptoticallyproportionalto thespan. Corres~ndingly,the
asymptoticexpressionforthetotalmean-squarelifthasa constantterm
anda termproportionalto thespan.

Discussionof Results

Theexperimentalresultsobtainedinthepresentinvestigationare
plottedandcomparedwiththecorrespondingtheoreticalpredictionsin
figure24. As pointedoutpreviously,theturbulencescaleA appearing
inthederivationofthespancorrectionfactorg shouldbe determined
on thebasisof themeasuredone-wave-numberspectrum.Attemptswere
madetodo so;however,sincethequantitativevaluesofthepowerspec-
trumweredoubtfulandinanycaseextendedovera limitedfrequen~
range,a reliableestimateof A couldnotbe obtainedinthismanner.
Dryden,Schubauer,Mock,andSlmamstad(ref.23)haveinvestigatedthe
turbulencescaledownstreamof coarsegrids.If oneneglectsdifferences
in theshapeof gridmembersandpossibleeffectsof thebackgroundturbu-
lenceinthewindtunnel,themeasurementsof referme 23wouldindicate
forthepresentcasea scaleroughly20to 25percentof thegridmesh
size,thatis, A= 1.2to 1.5inches.Thiswouldme= 0.4<A/b< 0.5,
whichisingood~eement withtheexperimentalresultsatreducedfre-
quenciesaboveapproximately0.7;atlowerfrequenciesthescatterpre-
ventsdefiniteconclusions.

Concurrentlywiththepresentinvestigation,LamSon(ref.13)has
measuredtheaerodynamictransferfunctionof anessentiallysimilar
configuration.Hisresultscovertwoturbulencescale-to-spanratios
(10/7and‘3/7)andalsodemonstratetheeffectofendplatesshielding
themeasuringelementfromturbulencealongthefixedspan.Thecorre-
spondingtheoreticaltransferfunctionsbasedonthepresentanalysis~



arecomparedwtthLamson’sdatainfigure28(a)(noendplates)smd28(b)
(withendplates).imtheformercase,agreementinorderofmagnitude
anddependenceonturbulencescale-to-sphnratioisobtainedat k > 1.
In caseof endplates,theanalysiscou15actuallybe e~ectedtobe more
accurateinviewofthestrip-theoryassumption;infact,for k> 0.8,
Lamson’smeasurementsarenowabovethetheoreticalestimates.Forlower
valuesof thereducedfrequency,theexperi-&entalresultsinlmthcases
fallbelowthemalyticalcurvesandfor k< 0.2 thedependenceontur-
bulencescale-to-spanratiois actually reversed,

Thus,at high-enoughreducedfrequencies,thepresentanalysispre-
dictsanorderofmagnitudeanddependerice~~nturbulencescale-to-span
ratioinessentialagreementwithexisting‘experimentalevidence.The
qmtitativedifferencebetweenthemeadurdilientsofLamSonandthoseof
thepresentreportmaybe traceabletof’actorssuchastheuseof a wing
of totalaspectratio2.8inanopenjet(Lamson}andoneofaspect
ratio~ ina closedwindtunnel(presentinvestigation).Also,the
methodemployedbyLsmsonfordeterminationofturbulencescaleisdif-
ferentandactuallymakesuseofmeasur@@mracteristicsofthepower
Spectm. ,-

.

.

Itisbelievedthata moreextensive,systematicseriesofmeasure-
mentsinvolvingseveralwingconfigurationsisstillneededforcomplete
andconclusiveevaluationofthevalidi}yofthetheoreticalapproach.
Suchmeasurementsshouldbe accompanied’bya detailedinvestigationof
theturbulenceinordertodetermineitsscaleandto seehowwellthe
assumptionoftheapproximatespectrumformilaisjustified.Anal@i-
cally,theweakestlimkappearstobe t!heuseof striptheoryinthe
computationoftheaerodynamicinfluencefunctions;theoreticalresearch
onthisproblemwouldbe veryworthwhile. +_

CONCLUDINGREMARKS

Instrumentationformeasurementandanalysisofdownwashandlift
fluctuationswasdevelopedandfoundtooperatesatisfactorily.

ExperimentalvaluesofSears’gustfunctioncouldnotbe obtained
becauseof excessivescatteroftheme~surements.Theorderofmgnitude
andtrendofthemeasureddownwash~dilift,however,agreedwiththeo-
reticalpredictions.Conclusivemeasurementswouldrequire improvement
inenvironmentalconditions,especial~inthebackgroundturbulence
levelofthewindtunnel.

.
Measurementsweremadeofthetrshsferfunctionbetweenthepower

spectraof randomdownwashandthelif%producedtherebyona simple
rigidairfoil.An approximatetheoreticalresultwasalsoderivedand

—.
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.
comparedwiththepresentmeasurementsaswellaswiththoseof another
investigation.Reasonableagreementwasobtainedathighreducedfre-

. quencies.Furtherexperimentsarerecommendedinorderto evaluatecom-
pletelythevalidityofthetheoreticalapproach.Improvementsinthe
theoreticaltreat~ntwouldalsobe desirable,especiallyinregardto
theaerodynamicinfluence.functions.

MassachusettsTnstituteof Technology,
CambridgejMass.,July1,1955.



28 NACATN3878
.

APPEND~A

OPERATIONOF x-WIN? HOT-WIREPROBE

MFA.slJRmENT

Thecustomarypracticalrepresentation

FORCROSS-VELOCITY

oftheresponsecharacter-
isticsof anobliquehot-wireisbasedonICings’lawcombinedwiththe
assumptionthatthewirerespondsonlytothevelocitycomponentnormal
to it. (Seesketchand,forinstance,ref.25.)

+ Lw-.

e’”v u u

Theresultingmathenlaticalexpressionis

.

.

--

)+1 (Al)

where 10 and U. arecalibrationcons@nts,I istheheatingcurrent, -
U isthevelocity,~ isthesweepan~e,and ~’ =— ~. - %)/%, the
overheatfactorortherelativeresistanceincreaseduetoheatingofthe . .
wire. IntermsofthecurrentI and&oldresistanceR@,thevoltage
outputv ofthetirecanbe expressed

Ifthe
and v, the

(A2)

velocityisperturbedslightlyby disturbancecomponentsu
linearizedperturbationin v willbe
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providedthatcurrentI iskeptconstant,whichisthecaseinthe
presenthot-tirecircuit.

Tn anx-probe,anotherwireisplacedatan angleof approximately
-$ withrespectto theflow. Ifonenowcombinestheoutputsof the
twowiresasfollows,applyinga voltagestepdowndevicewithfactorr
to onewire,thetotalresponseis

AV1>2= Av1 - AV2

= (C-IU+D.V’)-r(Cm -D~v\
\L

(=cl -

Ifthewiresandtheiroperating
wouldhave Cl= C2,andwithno
respondtov-fluctuationonly.

)( )rC2u+ D1+rD2v (A4)

conditionswereexactlyidentical,one.
voltagestepdown(r= 1) theprobewould

Generally,it isnotpossibletoproducetwowireswithexactly
identicalcalibrationconstants~However,eveninthatcase,thefac-
tor Cl - rC2 canbe madeequalto zeroindependentlyof themean
velocityU by suitablechoiceoftheheating
orientationwithrespectto themeanflow,and
By exsdnationofequations(A3)and(Ah),one
conditions:

Heating-currentratio,

11 (w.=—
12 (G)2

currents,theprobe
thestepdownratio r.
canwritethefollowing

(A5)

stepdownfactor,

.=E!?MJL
(~)2(Re)2

(A6)
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andprobeorientation,

()Cos *Z= % 1
Cos+2 TT% 2

where Vl+ *2 isconstant.

Thecalibrationconstants
thef’ormofequation(Al)from

~ and ~ canbe readilyobtained
staticcalibrationsoftheindividual

in

wires,thusm&ing possiblethefulfillmentofthefirsttwoconditions.
Thet~rd oneimpii&knowledgeofthetotalanglebetweenthetwohot-
wires.Thereis,however,noneedtoperfomnelaborateprecisionmea-
surementsandadjustmentsoftheprobebecausethefulfillmentofthe ‘-
threeconditions(eqs.(A5)to (A7)) alsomakethetotaldirect-current
outputV1)2 ofthetwo-wirecmnbinatiohequalto zero,as caneasily
be seeninthefollowingequation:

1+)1 –-.
‘1,2= VI- rv2=

1-

(F)

* 1:
2(I&2 u Cos$1+ ~

(UO)I ~

r12(Re2
122

(r)

1-—
1 2(%)2 Cos$2

+1
()Uo 2

(A8)

Thus,oneneedonlytoad3usttheheatingcurrentsandthestepdown
voltagedividerto satis~equations(A5)and(A6);thereafter,thethird
condition(eq.(A7))canbe satisfiedby!turningtheproberelativetothe
mainvelocitydirection(i.e.,byvarym $1 and $2)untilsucha POSi-
tionisfoundwherethetotaldirect-currentoutput(eq.(A8))vanishes.

Thisprocedurewassuccessfullyfollowedinpractice.Afteradjust-
mentsoftheprobewerecompleted,itssensitivityto streamwise
u-fluctuationswascheckedbyvaryingthetunnelspeed.Generally,the
responsetoa u-disturbancewasfoundto&_ atmosta fewpercentofthe “
responsetoa v-disturbanceofthesamemagnitude.

.—

.

.
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sTAmsTIcmRELIABILITYOFPowER-sPEc?rRuMmwmmmms

Sinceit isimpossibletomeasureinpracticetheinfinitetime
averageimpliedby theuseofgeneralizedharmonicanalysis,determina-
tionof sufficientobservationtimeto obtainvaluesofpowerspectral
densitywitha specifiedstatisticalreliability~ses animportantprob-
lem. Ingeneral,theobservationtimehasto belargecomparedwithany
characteristictimssof therandomprocess.However,sincethesequan-
titiesarethemselvesobjectsofmeasurement,beinginvolvedasparam-
etersinthepowerspectrumor correlationfunctions,onehastoresort
to assumptionsregardingtheprobableshapeof thepowerspectrum.

Tukey(ref.26)consideredtheaccuracyofpowerspectracomputed
froma discretesetof samplepointsoftherandomfumction,including
differentspectrumshapes.Thepresentanalysisdealswiththerelia-
bilityof continuousmean-squmemeasurementsof theoutputof a narrow-
band-passfiltersub~ectedtotherandominputandisbasedon theline
of thoughtpresentedbyRice(ref.7). DavenportjJohnson,andMiddleton
(ref.27)discussthesameproblememployingassumptionssomewhatdif-
ferentfromthoseofthepresentinvestigation.

It is assumedthat(1)thepowerspectraldensitytobemeasuredis
constantoverthefilterrange;(2)therandomprocessisGaussian;
(3)theband-passfilterisapproximatelya singletunedcircuitwith
response

(4)
(5)

put

thesquaringdeviceisa heater-thermocoupleunitwithtimelag;and
theaveragingisdoneby directintegrationofthesq,,edsignal.

Let f(t) representthefilteroutput;then,thethermocoupleout-
is

~ t’-t

J’s(t)=+ e ‘c f2(t’)dt’
c-m



32 NACATN3878

.
where TC isthetimeconstantofthethermocouple.Theinfinitetime .. _—
averageof s is 3 = f2 (ref.7),while,measummentovertime T
yields

... =...

T
t’-t

I 1 (f‘1 VT-2*a=~
To

s(t)dt= $ ~ ~ ~e”.
)

f (t)dt’dt

Itisdesiredto deterndnedthevariahceof E, thatis,thequantity

Now,

T.

J T~_l s(h)s(tz)dtldtz = gf (T-T2 T)qss(7)d7
0 :0.

where qs~ isthenormalizedcorrelation*ction of s(t). Zheprod-

fromthefilter-response;byFouriertrans-uct s%ss(T) canbe derived
formonefindsthatthenormlizedcorrelationfunctjonof thefilter
outputis .

00ITI
-—

~ff(T)= e *Q cO~ (DOT
.

andaccordingtoRice(ref.7)

Theresultingmathematicalexpressionsbec@meratherlengthy;however,
a convenientsimplificationcanbemadeby.as-wmingthat Q2>> 1 and

(%TC)2>> 1 whichistrueinmanypracti@l-qases.~ csrryi~”out
thedetailedcomputationsandsuccessivesubstitutions
obtains(denoting~TIQ

= ~ and ~Tc~Q Y 7)
onefinally

/

-/
u =~ 27(1-7+pp,7.e-P )

P 1- ~2:
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h thepresent investigation Q = 80, Tc= 5 seconds,and

3< ~ <150 CPS;hence,approximately,

33

1<7 <5.0

Curvesof a(p) areplottedinfigure25for y = 1, 10,andw. Itis
seenthat,forexample,statisticalaccuracyof3 percentrootmeansquare
impliestheuseof integrationtimesoftheorder p = 50,thatis,from
5 secondsat ~~2fi=1~ cps to over3 minutesat ~~~= 3 CPS. b
practice,thesetimeswereexceededby a substantialmargintomakesome
allowsncefordeviationsfromtheassumptionsemployedintheanalysis.
Itistobe emphasized,however,thatthe3 percentis theroot-mean-
squareerrorofan infiniteensembleofmeasurementsand,therefore,it
isimpossibleto guaranteetheaccuracyofan individualmeasurement
withinspecifiedlimits.

SOE conznentmaybe inorderregardingthecurvespresentedin fig-
ure25.At a lowvalueof p theerrordecreaseswithincreasingtime
lag 7,whichis consistentwithphysicalintuitionabouttheeffects
of smoothing;however,athighervaluesof p thetrendisreversed.
Thereasonforthisc& be seenby
maybewritten

consideringtheerroreqpationjwhich

(T- T)q~&)dr -1

‘Whileincreasingtimelagdecreases I~ g2 italsomakesthefluctuations
of s morecorrelatedsmdthusincreases(pss(T) in therangeof integra-
tion.At longintegrationtimes,thelattereffectbecomesdominating.

!l?hevaluesofffat P=O representthestandarddeviationof
an instantaneousobservationaudthuscanbe employedto estimatethe
frequencyabovewhichintegrationisno longernecessary.

.-

.

.
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